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The main results of study of the physical and mechanical properties of lunar soil, obtained 
by laboratory study of samples returned from the Moon by Luna 16 and Luna 20, as well 
as by operation of the self-propelled Lunokhod 1 and Lunokhod 2 on the surface of the 
Moon, are analyzed in the report. All studies were carried out by single methods and by 
means of unified instruments, allowing a confident comparison of the results obtained. 

The investigations conducted allowed the following values of the main physical- 
mechanical properties of lunar soil to be determined; in the natural condition the solid 
density corresponds to the porosity of 0.8; the modal value of the carrying capacity is 0.4 
kg/cm“; adhesion is 0.04 to 0.06 kg/cm’; and the internal angle of friction is 20 to 25°. 

The main mechanisms of deformation and destruction of the soil are analyzed in the 
report, and the relationships between the mechanical properties and physical parameters 
of the soil are presented. 


The return to Earth of samples of lunar 
soil from different regions of the Moon’s sur- 
face and the study of properties of the soil 
in the natural state permit a number of gen- 
eralizations to be made about the processes of 
deformation and destruction of the lunar soil. 
One of the important results of studying the 
constitution, structure, and physical and me- 
chanical properties of lunar soil has been the 
discovery of the relative uniformity of the 
particle size distribution. In addition, infor- 
mation has been gathered concerning the 
shapes and specific gravity of particles from 
various sections of the lunar surface. Irregu- 
larities in structure of the lunar surface and 
change in physical-mechanical properties of 
the lunar soil within broad limits may be ex- 
plained, to a considerable extent, by different 
proportions of soil compaction. Despite cer- 
tain differences in the physical and mechani- 


cal properties of the soil obtained by different 
investigators, some general regularities that 
can be considered to be characteristic of lunar 
soil were revealed. 

Nature and Destruction of Lunar 
Soil Samples 

The processes of destruction of lunar soil 
samples were investigated in a Coulomb ap- 
paratus, for two states of the soil: (1) ex- 
tremely loose and (2) compacted to a density 
of 1.6 g/cvcP. 

The Coulomb apparatus is a small box 
which has transparent walls and a movable 
partition inside (ref. 1). 

The soil in the loose state is deformed by 
lateral pressure, without formation of visible 
crags or slip lines (fig. la). If the deforma- 
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Figure 1 . — Diagram of sample deformation: (a) 
loose state; (b) compacted state. 


tion in the Coulomb instrument is considered 
as a biaxial compression, the coefficient of 
lateral expansion of the soil, /i, and the co- 
efficient of lateral pressure, |, can be calcu- 
lated. 

For Luna 16 and Luna 20 soil samples in 
the loose state, the following values were ob- 
tained: p. = 0.44 4- 0.45; | = 0.78 — 0.82. 

On application of lateral pressure to com- 
pacted soil, splitting of the sample occurred 
along a plane inclined to the principal stress 
by an angle of 22° for the Luna 16 sample 
and 29° for the Luna 20 sample (fig. lb). 
These correspond to internal angles of fric- 
tion of 46° and 32° (refs. 1 and 2) . 

Strength Characteristics of 
Lunar Soil 

The main strength indicators of fine-grain, 
weakly bound soils are the shear strength 
characteristics (ref. 3). 

The shear strength of lunar soil samples 
was determined in a flat, single-shear instru- 
ment, by the supercompaction method. 


Graphs of the shearing resistance, plotted 
in “shear stress”-“normal pressure” coordi- 
nates, are shown in figure 2, and the principal 
portion of them is described well by the Cou- 
a lomb equation: 

T = c + p tan <t> (1) 

where t is the shear stress (kg/cm^) , c is the 
corrected adhesion (kg/cm“) , p is the normal 
shear pressure (kg/cm®), and ^ is the inter- 
nal angle of friction. 

The shear strength parameters depend to 
a great extent on the compaction pressure 
(fig. 3). 

In the incoherent state, the soil has a neg- 
ligible adhesion and internal angle of fric- 
tion. In proportion to increasing compaction 
pressure, an increase in the internal angle of 
friction and initial adhesion occurs. This can 
be explained by an increase in the number of 
contacts between particles and an increase in 
the quantity of fused particles. 

At compaction pressures over 0.4 -f 0.5 
kg/cm®, the number of contacts increases 
negligibly, and the internal angle of friction 
and initial adhesion approach a certain 
steady-state value. Stabilization of the initial 
adhesion values, on the other hand, is also 
explained by the fact that, in the process of 
shear in the absence of normal pressure, de- 
compaction of the soil takes place, and the 
mutual adhesion between particles decreases. 
With compaction pressure, decompaction of 
soil does not take place during shear, and, 
with pressures greater than a certain value, 
the soil is still more strongly compacted dur- 
ing shear. This phenomenon may explain the 
linear nature of the dependence of the nor- 
malized adhesion on the compaction pressure. 
The nature of the occurrence of additional 
compaction and decompaction of soil in shear 
tests is shown in figure 4. The following char- 
acteristic points can be distinguished in these 
curves: 

1. Intersection with the normal pressure 
axis during shear, when the sample re- 
tains its volume in the shear process 

2. Intersection with the vertical axis 
(magnitude of decompaction of the 
soil, in the absence of normal shear 
pressure) 
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Figure 2 . — Shear strength curves. For curve 1, pc ■= 1.0; 2, po = 0.7 ; 3, p. — 0.5; i, p, — OJ; 5, p» — OJl. 


In the first case, it can be considered that 
the external normal pressure is equalized by 
an equivalent internal pressure in the soil, 
and, therefore, there is no additional change 
in volume of the soil. The magnitude of this 
pressure can be considered to be “critical” 
(Pc) for a given state of the soil. 

In the second case, the amount of soil de- 
compaction in the absence of normal pressure 
indicates the degree of incoherence (decrease 
in soil porosity). The curve of decompaction 
versus compacting load is similar to the soil 
subsidence curve in compression compacting, 
and in this case the soil has a tendency to go 
to a state corresponding to an equivalent com- 
paction pressure (pi). 

The quantity p<, can be considered as the 


equivalent internal pressure in the soil, which 
determines the force of adhesion and which is 
the residual stress from the compacting load. 
This stress is preserved if the internal normal 
pressure in the shear process is equal to or 
exceeds Pc for a given state of the soil. Other- 
wise, the soil will loosen, and the new state 
will correspond to a decreased value of Pc. In 
the absence of normal pressure in the shear 
process, Pa = Pi,. 

Analysis of the experimental data on shear 
strength has demonstrated that Pc depends 
linearly on compaction pressure, and pi, de- 
pends little on the degree of compaction of 
the soil and can serve as a certain character- 
istic value for determination of shear 
strength. 
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Cq * initMl adhesion (kg/cni2) 

C * corrected adhesion (kg/cm2) 

49 * internal angle of respose (deg) 

Pq ■ preUminary compaction pressure (kg/cm^) 

Figure 3 . — Shear strength parameters as a function 
of load. 


With the peculiarities revealed in the pro- 
cess of shear of lunar soil samples taken into 
account, the interconnection between shear 
stress and normal pressure can be repre- 
sented in the following form (fig. 5) : 

T = Co + p X tan <j> + C 2 (2) 
where C 2 is the supplementary value of the 
adhesion strengths determined by compaction 
of the soil (cross-hatched part of fig. 5). As 
is evident from this curve, C 2 = 0 at p = 0 
and reaches its maximum value at pressures 
above the critical pressure. The following ex- 
pression satisfies this condition of change 
in C 2 : 

C 2 = C-Co) X (3) 

where K is an exponent (cm^ X kg) . 

Then, the equation for determination of the 
shear strength will have the form; 

T = Co + P X tan <j> -l- 
(C-Co) X (1-e-^*-) (4) 

The quantities Co and C can be determined 
from pt and Pc'. 

Co = PbX tan <l> 

C = PcX tan ^ (5) 

Taking this equation into account, (2) 
takes the following form; 

T = tan ^ X \_Po- {pc - Pb) X 

+ p] (6) 



Figure 4 . — Change in sample deformation during 
shear 1 — p, = 0.S kg/cm' ; 2 — p, = 0.7 kg/cm'; S — 
p. = 1.0 kg /cm'. 


Exponent K can be determined, on condi- 
tion that, at p = Pc, the magnitude of the 
supplementary adhesion is sufficiently close 
to its maximum value. Practically, it can be 
considered that this condition is satisfied if 
the cofactor (1 — — 0.9. Proceeding 

from this condition; 

jr _ 1 _ 2.3 _ 2.3 X tan ^ 

\ogepc ~ Pc ~ C 
Then, formula (6) can be written in the 
following form; 
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X exp [ — 


T = C - (C - Co) 
2.3 p X tan ^ , 
C 


+ p tan <i> 


T = tan < 1 , [pc - (Pc - Pb) 

^ r 2.3 p X tan <l> . ^ ,q^ 

X exp [- ^ ^ + p] ] (8) 

Nonlinearity of the initial part of the shear 
strength curve leads to a considerable change 
in the internal angle of friction, determined 
from the tangent of the slope angle tangent 
to the shear strength curve. 

For any point, the internal angle of fric- 
tion will be 

tan 4>t = = tan [ (C - Co) X 


X exp [ — 


2.3 p X tan <j> 


+ 1 ]] 


The initial internal angle of friction, i.e., at 
p = 0, is 


tan <j>o =tan </> X [ (1 — -^) 


X 2.3 + 1] = tan A [(1 -^)2.3 + 1](10) 

Pc 

A comparison of the determination of tan 
(t>o by this formula and in the Coulomb instru- 
ment has shown that they coincide well, 



T ■ ihcar stmt 
p • fMHTTuI shear pmti#e 
p. « intertul nyiiivalent pres»«ev 
p^ ■ critkaJ pressure 
C * corrected adhesion 
Cg « Mtiai adhesion 
d • internal an||e of repose 

Figfure 5 . — Curve for determination of adhesion in 
soil. 


which confirms the correctness of the previ- 
ous conclusions as to the peculiarities of the 
development of processes of shear of the lu- 
nar soil. 

Qualitative values of the shear strength 
parameters for the Luna 16 and Luna 20 
samples are quite close to each other. 

Similar results were also obtained for 
finely pulverized basalt, with a particle size 
composition close to that of the lunar soil. 

Peculiarities of Lunar Soil 
Deformation Processes 

The most important deformation charac- 
teristics of soil, which have great scientific 
and applied importance, are 

1. Compressibility 

2. Process of intrusion of a die into the 
half-space of the soil. 

3. Soil deformation in the shear process. 

Compressibility of the lunar soil was 
studied on the samples returned by Luna 16 
and Luna 20. The study was carried out on 
soil samples 6 cm® in size. The maximum 
value of the compaction pressure was 1 kg/ 
cm®. The results of the tests are shown in 
figure 6. Analysis of the behavior of the com- 
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Fig:ure 6 . — Lunar soil compressibility curves: (1) 
from Luna 16 data; (2) from Luna 20 data. 
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pressibility curve permitted two soil compac- 
tion mechanisms to be distinguished. 

In the initial stage of compression of the 
soil, a decrease in porosity takes place, 
mainly by means of displacement and more 
dense packing of the aggregates and parti- 
cles. With further increase in load, destruc- 
tion of the aggregates and displacement and 
compaction of the particles themselves be- 
gins; in this case, the load is transmitted in 
the bulk of the soil, through contacts between 
the particles. In the 0.5 to 1.0 kg/cm® compac- 
tion pressure range, the process of compac- 
ting the particles and increasing the number 
of contacts between them is basically com- 
pleted; subsequent compaction of the soil 
takes place by means of destruction of the 
particles at their points of contacts with one 
another. 

The lunar soil compressibility curve is ap- 
proximated sufficiently well by the following 
formula: 

E = AX e + BX (11) 

e is the density; A, B, Ki, and K 2 are con- 
stants. In this case, A -i- B = co is the poros- 
ity of the maximally incoherent soil. The 
compaction coefficient, a, for any point on the 
compressibility curve described by equation 
(11), will equal: 



= KiX A X e -K 2 XBX e 

( 12 ) 

In the maximally incoherent state (at p = 
0) , the compaction coefficient equals 
do — — Ki X A — K 2 X B 
The modulus of deformation, E, from the de- 
compression curve can be determined by the 
following formula: 

rp „ I “i" ^0 

- a: X .<4 X - K 2 X B X e 

where ^ is the lateral pressure coefficient. 

At small compaction pressures ( < 0.5 kg/ 
cm^), formulas (11, 12, 13) can be simplified 
somewhat, if the second term in the formula 
is assumed to be constant. Then, for the com- 
pressibility curve we will have : 


E = e„ + (eo ~ Eoo) X (14) 

where e„ is a certain maximum value of the 
porosity in compaction. 

We then obtain, for the compaction coeffici- 
ents: 

Oo = — X (eo — Eoo) and a = doX (1— p) 

(15) 

where D = — — — is the coefficient of rela- 

Co £00 

tive density of the soil. 

The modulus of deformation will equal: 

E 
E 
E 

where 

It is easy to develop the relationship of the 
main parameters of compressibility with de- 
gree of compaction of the soil, magnitude of 
the compaction pressure, and the physical 
state of the soil, from equations (13, 14, 15, 
16). 

In removing the compression load from a 
sample of soil in a compression instrument, 
its porosity is practically unchanged, since 
the recovery from deformation of the soil is 
low; on the average, it amounts to tenths of a 
percent of the residual formation. 

With increase in load to the former value, 
additional subsidence of the soil takes place, 
the magnitude of which decreases in propor- 
tion to increase in compression pressure. A 
somewhat higher total deformation of the 
soil sample results than in a continuous in- 
crease in load. With repeated application of 
the load, additional soil subsidence decreases 
in proportion to the increase in the number 
of load cycles. 

The small value of the recovery and addi- 
tional subsidences in cyclic loading takes 
place with its first load and has a residual 
nature. 

The carrying power of the lunar soil sam- 
ples returned was determined by intrusion of 


Oo X(1 -D) " ' 

(1 + eq) X . 

- ATi X (E - E«) ^ 

1 + Eo 


— All X (e — E«) 


X/(^) 
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a die. The limiting size of the samples studied 
(with respect to the size of the die) allows 
consideration of the data obtained mainly as 
a qualitative characteristic of the die intru- 
sion. 

With intrusion into soil, which is in the 
maximally incoherent state, the die leaves a 
distinct impression, around which the soil 
surface is not deformed. The general nature 
of the deformation corresponds essentially to 
the process of local soil compaction. With in- 
crease in soil density, the resistance to intru- 
sion of the die increases noticeably. The 
nature of the soil deformation also changes, 
a protrusion zone appears, and radial and con- 
centric cracks appear around the die. Upon 
intrusion into highly compacted soil (weight 
by volume > 1.6 kg/cm®), the course of the 



y = density (g/cm^) 
q = carrying power (kg/cm2) 

Figure 7 . — Carrying power as a function of weight 
by volume. 


die subsidence curve changes and corresponds 
to deformation of the soil at the equilibrium 
maximum. 

Values of the carrying power of the soil as 
a function of its weight by volume, y, are 
presented in figure 7. 

The carrying power was determined for 
the initial part of the intrusion curve, and it 
corresponds to the pressure on the die, at a 
subsidence equal to the diameter of the die. 

A sharp increase in carrying power is ob- 
served, with increase in weight by volume 
above 1.4 to 1.5 g/cm®. 

The following characteristic sections can 
be distinguished in the “carrying power — 
weight by volume” curve. In regions of low 
soil compaction (y < 1.4 g/cm®), the main 
role in deformation of the soil is played by 
compressibility of the soil under the die. In 
strong compaction (y > 1.6 g/cm®), soil de- 
formation takes place by means of general 
shear. At y = 1.4-1.6 g/cm®, subsidence of 
the die is determined by compaction of the 
soil and local shears around the die. 

Deformation of the lunar soil in shear 
tests is indicated in figure 8. 

The shear stress reaches a maximum at a 
certain shear deformation value. A sharp 



Figrure 8 . — Deformation of lunar soil in shear tests. 
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drop in the stress with increase in deforma- 
tion does not occur, which is evidence of 
preservation of the relatively constant aver- 
age value of the forces of adhesion in the soil. 
A decrease in shear stress is observed, only 
with a considerable increase in deformation, 
and is explained mainly by a decrease in cross 
section of the sample. 

The increase in shear stress from displace- 
ment of the shear is approximated well by the 
exponential relationship 

r. = e X 

where t, is the current shear strength (kg/ 
cm^) ; T is the maximum shear strength 
(kg/cm^) ; s is the shear displacement (cm) ; 
e is the typical sample size; and m is an ex- 
ponent. 

Mechanical Properties of Lunar 
Soil in its Natural State 

The mechanical properties of soil on the 
lunar surface along the paths of Lunokhod 1 
and Lunokhod 2 were determined on the 
basis of regular periodic measurements of the 
soil properties using a conical-lobe die (ref. 
2). About 100 measurements were made in 
all, over a total path length of 47 km. The die 
penetrated into the soil up to 100 mm depth. 

An averaged differential distribution curve 
of the carrying power of the soil along the 
courses is shown in figure 9. Experimental 
data on distribution of the mechanical prop- 
erties of the lunar soil are quite well de- 
scribed by a shifter Rayleigh equation; 

f(q) = 2 A X iq — qo) X (18) 

where f(q) is the carrying power probability 
density ; q is the value of the carrying power ; 
qo is the minimum value of the carrying 
power ; and X is the degree of nonuniformity 
of the soil properties. 

The quantity qo is determined to a con- 
siderable extent by the dimensions of the die 
and depth of penetration into the soil. With 
decrease in die dimensions, qo also will de- 
crease. 

The parameters qo and X in equation (18) 
can be determined from the value of the 


mathematical expectation and dispersion. 
The average values of these coeflScients are 
qo = 0.08 — 0.1 kg/cm^ and X = 3.0 cm^/kg. 
The modal value of the carrying power was 
0.35 — 0.4 kg/cm^. 

The distribution of resistance to rotary 
shear is similar to the distribution of the 
carrying power. The modal value is 0.045 
—0.055 kg/cm*. A correlative dependence 
was developed between the carrying power 
(q) and resistance to rotary shear (t ) , of the 
type: 

t = 0.029 - 0.2q 

The correlation coefficient is 0.3, which in- 
dicates a relatively small functional intercon- 
nection of q and t. This can be explained by 
the fact that the carrying power is deter- 
mined to a considerable extent by the inter- 
nal angle of friction, which can change within 
broad limits for lunar soil, depending on the 
degree of compaction of the soil and the 
nature and magnitude of the external load. 



Figvre 9 . — Distribution of soil carrying power. 
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Conclusion 

Investigation of the processes of deforma- 
tion and destruction of lunar soil has shown 
that its mechanical properties can change 
within broad limits, depending on the physi- 
cal state of the soil. At the same time, not 
only the quantitative indicators change, but 
also the soil deformation mechanisms. 

Soil in the maximally incoherent state has 
very low strength characteristics, and it has 
high compressibility. From the nature of the 
behavior of soil upon application of a load 
in this state, it approximates the properties 
of a compressed fluid, i.e., it has a small in- 
ternal angle of friction, negligible adhesion, 
and a high coefficient of lateral pressure. 

With compaction of the soil (a decrease in 
porosity), an increase in adhesion and in- 
ternal angle of friction takes place, and the 
compressibility factor also decreases sharply. 

With a porosity of 0.8 to 0.9, stabilization 
of the internal friction and compressibility 
parameters occurs. This is in good agree- 
ment with the fact that, if the soil compac- 
tion process is analyzed in the form of sums 
of two asymptotic processes, one of which 
determines the deformation of the soil by 
means of denser packing of the soil particles 
under the external pressure, the other char- 
acterizes the degree of destruction of the par- 
ticles in their contact zones. 

By the nature of the destruction, lunar 
soil with a porosity of 0.8 to 0.9 behaves like 
a solid, having considerable internal friction 
and appreciable bonding. 

The mechanical properties of the lunar soil 
as it naturally occurs can change within 
considerable limits. However, the most likely 
(modal) value of the capacity is 0.35 to 0.4 
kg/cm*. This is evidence of a considerable 
degree of compaction of the upper layers of 
the lunar soil as it occurs naturally. The de- 
gree of compaction of the soil was estimated 
from the correlative dependence between the 
porosity and carrying power, obtained on 
finely pulverized basalt, the particle size and 


shapes of which were close to the average 
data on the lunar soil. A carrying power of 
0.35 to 0.40 kg/cm® corresponds to a porosity 
of 0.9. This value is most likely for lunar soil 
as it occurs naturally. 

Study of soil samples returned from var- 
ious regions of the Moon as well as studies 
perfonned by Lunokhod 1 and Lunokhod 2, 
have shown that, despite significant differ- 
ences in the geomorphological situation of 
the sections studied, the lunar soil obeys com- 
mon regularities in the physical-mechanical 
characteristics. This allows one to assume 
the existence of a single mechanism of pro- 
duction and formation of the upper layer of 
the soil for a considerable part of the surface 
of the Moon. 

Comparison of the data obtained with the 
results of study of the lunar soil in the Apollo 
and Surveyor programs has shown that sig- 
nificant differences are observed in a number 
of characteristics. Nevertheless, in terms of 
the physical indicators that have a definite 
effect on the mechanical characteristics, all 
samples studied are quite close together. The 
reason for the divergence apparently is a dif- 
ference in methods of study. Therefore, to 
obtain comparable data, it is advisable to 
conduct studies of the soil by agreed upon 
methods, using standardized apparatus. 
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